To achieve the U.S. Department of Energys brake thermal efficiency (BTE) goal for Heavy Duty Diesel Engine (HDDE) technologies, Waste Heat Recovery (WHR) by means of Organic Rankine Cycle (ORC) systems has been selected as a suitable solution. The current relatively high return on investment period of such technology needs to be improved by significant cost reductions to realize benefits on WHR for mobile applications. The performance of the ORC system under dynamic loads relies on the choice of the working fluid, the efficiency of its components (mainly expander) as well as the control strategy that optimizes the operation. A novel ORC architecture is proposed that uses the engine coolant as the working fluid. In particular, a fraction of the engine coolant, which is a mixture of water and ethylene glycol, is employed as working fluid through the ORC to recover waste heat from EGR (Exhaust Gas Recirculation) and part of the tail pipe exhaust gases. At the inlet of the expander, the mixture has mixed-phase conditions and a fixed volume ratio expander is employed to generate power output that can be fed directly to the engine crankshaft. Heat rejection is accomplished through the spare capacity of the engine radiator, which avoids the need for a separate condenser. To evaluate the feasibility of such system architecture, a thermodynamic steady-state cycle model has been developed to predict the potential increase of BTE under different engine loads as well as to understand the ORC performance. Parametric studies are carried out by varying the system pressure ratio, the internal volume ratio of the expander and the mixture quality at the expander inlet.
Introduction
It is well known that Heavy Duty Diesel Engines (HDDEs) reject a considerable amout of energy to the ambient. In order to meet the U.S. Department of Energy (DOE) break thermal efficiency (BTE) goals [1], waste heat recovery (WHR) by means of an organic Rankine cycle (ORC) has been identified by U.S. engine manufacturers as a viable solution.
During the recent years, research on ORC systems applied to passenger and commercial vehicles has seen a rapid growth as such power cycle combines maturity and cost-effectiveness. For example, Amicabile et al. [2] carried out a design optimization of an ORC integrated into a heavy-duty diesel engine by considering both subcritical and supercritical cycle architectures. Ethanol and pentane were identified as suitable working fluid both in terms of power output as well as costs. The ORC solutions proposed were costing averagely $15,000 for a class 8 line-haul truck [2] . However, only the Exhaust Gas Recirculation (ERG) cooler was considered as heat source. A more comprehensive study to exploit waste heat in both exhaust gases and the engine coolant has been done by Chen et al. [3] . A novel confluent cascade expansion (CCE) ORC system has been proposed to improve more conventional dual-loop ORCs. The new architecture running with cyclopentane allowed to generate up to 8% more net power compared to the conventional dual-loop ORC. The break specific fuel consumption (BSFC) was reduced from 185 g/(kWh) to 169.9 g/(kWh).
Cost, complexity, environmental and safety issues are the major issues of ORC systems installed in vehicles. The return on investment period for the end customer is not highly attractive by using the current technology (3 to 4 years payback period). The successful commercialization of ORC systems is seeing a major impediment from OEMs.
In this paper, an affordable ORC system is analyzed in order to obtain real benefits of WHR on the road and reduce the costs by 50% with a targeted pay-back period of 1.5 to 2 years. Nomenclature h specific enthalpy, J/kġ m mass flow rate, kg/s p pressure, Pȧ Q heat rate, W T temperature,
• Ċ W power, W η efficiency, -∆T PP pinch point temperature difference,
• C effectiveness, -
ARC system description
The novel ORC architecture proposed within the ARC project is based on using the engine coolant as the working fluid. The engine coolant is typically a water -Ethylene Glycol (EG) mixture with a mass fraction composition of [0.5-0.5]. As shown in Fig. 1 , a small portion (usually <0.5% of total mass flow rate) of the engine coolant in liquid-phase is pressurized by means of a pump (state 1 to state 2) and used to recover waste heat from the exhaust gas recirculation (EGR) system (state 2 to state 3) and exhaust tail pipe (state 3 to state 4). While absorbing heat, the water/EG mixture becomes a wet binary mixture as it undergoes through partial evaporation. The high pressure two-phase water/EG mixture is then expanded through a fixed-volume ratio expander (state 4 to state 5), which is able to handle two-phase conditions. Heat rejection is accomplished through the engine radiator, avoiding the need for a separate condenser for the ARC system. However, limitations arise concerning the maximum heat rejection rate. To ensure normal operation of the truck engine, the following constraints are taken into account:
• return temperature of engine coolant into the engine after EGR boiler;
• maximum engine coolant temperature at expander inlet;
• exhaust tail pipe boiler exit temperature. A thermodynamic cycle model is developed to analyze such cycle architecture and to demonstrate the feasibility of using the engine coolant as working fluid to reach similar fuel economy benefits as conventional ORCs.
Water-EG mixture thermophysical properties
The working fluid is a binary mixture of water and ethylene glycol. Few studies have been found about the estimation of thermodynamic and transport properties of such mixture [4, 5] . As the mixture phase-change is an important aspect to both recovery heat and generate power output, the vapor-liquid equilibrium (VLE) conditions need to be obtained. VLE diagrams (or temperature-concentration diagrams) are used to demonstrate the concentration shifts within the liquid and vapor phases, as described in Section 2.2. REFPROP [6] is used to retrieve the thermophysical properties of the water/EG mixture. Figure 2 shows T-s diagrams obtained for pure water, pure EG and a water-EG mixture with a EG mass fraction of 0.5 which has been selected for further analyses. To be noted is that the properties close to the critical point are not defined. However, in temperature and pressure ranges of interest for the cycle calculations, no converge issues have been experienced. 
Thermodynamic cycle model
Based on the system architecture shown in Fig. 1 , a steady-state cycle model has been developed to investigate the performance of the ARC. The heat inputs are determined from the engine operation. Furthermore, constraints on the maximum temperature of the coolant as well as recirculated exhaust gas temperature entering into the engine and tail pipe exhaust exit temperature are imposed to ensure safe operation of the engine as well as emission controls. The modeling assumptions and design constraints are listed in Tab. 1. The total heat rate available at the EGR can be quantified as:
where h EGR,in and h EGR,out are the inlet and outlet enthalpies of the EGR and they are fixed by the engine operating conditions. A heat exchanger effectiveness is applied to obtain the heat recovered by the coolant. The heat rate available from the exhaust tail pipe,Q TP,in , is defined analogously to Eq. 1. The effectiveness of the heat exchangers has been assumed to be 0.94. The heat rejected by the radiator is calculated bẏ Q cond =ṁ water−EG ∆h radiator (2) Note that if the heat rejection limitations are applied, the exit temperature of the radiator is imposed. Both the pump and the positive displacement expander have been modeled by assuming a constant value of the isentropic efficiency. For the expander, the internal volume ratio is accounted for to estimate the specific work during the expansion process [7] .
The cycle performance and the benefits of the ARC system are quantified by defining an ORC thermal efficiency and Break Power (BP) improvement as:
The model has been implemented in EES (Engineering Equation Solver) [8] coupled with the REFPROP library. Parametric studies are conducted by varying the independent variables, i.e. pressure ratio, expander isentropic efficiency and expander inlet temperature. Furthermore, the quality of the water-EG mixture at the expander inlet is also a degree of freedom that depends on the high side pressure and mass flow rate for the given heat sources. The amount of EG that evaporates directly influences the work that can be extracted from the expander.
It is important to point out that the mixture water-EG presents thermal stability issues at temperatures above 200 • C. As development studies are ongoing to improve the working temperature range, parametric studies are carried out in the present work up to 300
• C to understand the potential of adopting engine coolant as an ORC working fluid. 
Results and Discussion
In order to evaluate the performance of the novel cycle architecture, several engine operating conditions have been identified. The engine parameters are not presented in this paper due to confidentiality. However, the inlet temperatures of EGR and tail pipe heat exchangers are reported in Tab. 2. The cycle model has been used to simulate all the operating points. As previously mentioned, a number of constraints have been taken into account while running the simulations. During the first case study, the maximum temperature of the water-EG mixture has been set equal to 220
• C. At higher temperatures, the mixture tends to decompose and potentially compromise the engine performance. A pressure ratio of 8 is imposed across the expander due to the maximum pressure that the considered expander technology can safely support. The pump isentropic efficiency is set equal to 0.6, whereas the expander isentropic efficiency is in the range from 0.6 to 0.8. This range is representative of the majority of positive displacement expander performance [9] . This condition is named scenario 1.
An example of a thermodynamic cycle plot is shown in Fig. 3 . Engine condition #2 has been used to generate the plot. To be noted is that for a mixture composition of [0.5-0.5], the resulting cycle is a partial evaporating Rankine cycle. The quality at the expander inlet represents a degree of freedom to be optimized, although the maximum temperature allowed for the mixture is fixed.
At first, simulations are carried out for each engine operating conditions by maintaining the expander efficiency constant at 0.6. The main results are provided in Tab. 3. The cycle model is the exercised to evaluate the influence of the expander isentropic efficiency. The results of the parametric study are reported in Fig. 4 . In particular, Fig. 4(a) shows the break power improvements for each operating conditions at two different expander isentropic efficiency values. To be noted is that when an isentropic efficiency of 0.6 is considered, the BP improvements are below 5% with the exception of engine operating conditions #6 and #7. Due to cycle constraints, the thermodynamic efficiency, reported in Fig. 4(b) , presents limited variability.
In this first analysis, no limitations have been imposed to the heat rejection rate at the condenser, i.e. an additional heat exchanger can be installed to handle the heat load at the condenser side. By introducing the heat rejection limits at the engine radiator, i.e. scenario 2, the BP improvement drops significantly, as shown in Fig. 5(a) . However, the analysis seems to suggest that the cycle efficiency is less sensitive to the heat rejection limitations. This is partially due to the constraints imposed to the simulation, e.g., pressure ratio and maximum temperature.
At this point, two constraints were relaxed to understand the potential of the ARC architecture. The maximum allowed temperature of water-EG mixture was raised up to 300
• C and the maximum pressure ratio was set equal to 10. The calculation have been performed once again for all the engine operating conditions by keeping the expander isentropic efficiency fixed at 0.8. The results are shown in Fig. 6(a) and Fig. 6(b) . The upper curve of Fig. 4(a) corresponding to an expander inlet temperature of 220 • C, pressure ratio 8 and expander isentropic efficiency of 0.8 is taken as reference case. By increasing both the maximum temperature and pressure, the BP increased appreciably allowing engine conditions from #3 to #7 to reach or exceed the 5% target. A maximum BP improvement of 7.8% was achieved for engine condition #7 with a cycle thermodynamic efficiency of 0.124.
It is interesting to observe the behavior of the mixture quality at the expander inlet. At 220 • C and 1200 kPa, the mixture quality is approximately 0.44, while at 300
• C and the same pressure, the mixture is superheated. The increased temperature upper limit leads to improve the expander specific work by up to 80%.
In the current analysis the concentration of the water-EG mixture has been kept constant. However, it is interesting to evaluate the effect of increasing the water content. By maintaining an expander temperature limit of 220
• C, the expander specific work output increases if the mass fraction of water increases, due to the fact that the quality of the mixture increases as well, as reported in Fig. 7 .
Conclusions
In this work, a novel organic Rankine cycle for waste heat recovery within heavy-duty trucks that employs a water -Ethylene Glycol mixture has been proposed. A thermodynamic cycle model has been developed to investigate the potential improvements on the engine brake thermal efficiency. Simulation results showed that engine coolant can potentially used as working fluid but its employment is heavily conditioned by engine operating conditions, high temperature limitations and expander performance. The maximum BP improvement obtained was 6.94% for engine operating point #7. Although the parametric studies showed some potential for the ARC architecture, additional work is needed to allow the system to work at higher temperatures and pressures to compete with traditional ORC configurations. Furthermore, as positive displacement expanders are considered in this work, the feasibility of using water-EG mixture in the liquid phase as lubricant should be evaluated.
